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ABSTRACT 

Two methods f o r  i n c r e a s i n g  t h e  p r o b a b i l i t y  of  success-  
f u l  t r a n s l u n a r  i n j e c t i o n  ( T L I )  and t h e  p r o b a b i l i t y  o f  miss ion  
success  are analyzed. The f i r s t  method invo lves  o f f l o a d i n g  SPS 
p r o p e l l a n t  t o  reduce launch v e h i c l e  i n j e c t e d  payload and s a t i s f y  
launch  v e h i c l e  i n j e c t i o n  requirements .  An op t ima l  v a l u e  f o r  pro- 
p e l l a n t  o f f loaded  i s  determined which maximizes t h e  composite 
p r o b a b i l i t y  o f  a s u c c e s s f u l  t r a n s l u n a r  i n j e c t i o n  by t h e  S I V B  and 
the p r o b a b i l i t y  of  t h e  s u c c e s s f u l  completion of a l l  r e q u i r e d  
s p a c e c r a f t  maneuvers i n  t h e  presence of  t r a j e c t o r y  d i s p e r s i o n s  
and performance u n c e r t a i n t i e s .  Using c u r r e n t  2 a  l aunch  v e h i c l e  
b a s e l i n e  commitments a p p l i e d  t o  J miss ions  wi th  a c o n t r o l  weight  
s p a c e c r a f t ,  it i s  shown t h a t  approximately 3 / 4  of  t h e  maximum SPS 
p r o p e l l a n t  o f f l o a d  above t h e  s p a c e c r a f t  30 requi rements  should  be 
o f f loaded  t o  achieve  maximum assurance  of miss ion  success .  For a 
h e a v i e r  s p a c e c r a f t  t h i s  f r a c t i o n  i n c r e a s e s  and i n  some cases maxi- . 
mum p r o b a b i l i t y  o f  success  i s  achieved by maximum p r o p e l l a n t  o f f -  
l oad ing .  

b 

The second method c o n s i s t s  of launching  t h e  s p a c e c r a f t  
w i t h  f u l l  SPS t anks  and, f o r  a c e r t a i n  range o f  off-nominal launch  
s i t u a t i o n s  where complete i n j e c t i o n  by t h e  launch  v e h i c l e  (SIVB) 
i s  n o t  p o s s i b l e ,  u t i l i z i n g  a v a i l a b l e  s p a c e c r a f t  p r o p e l l a n t  margins 
t o  complete t h e  t r a n s l u n a r  i n j e c t i o n .  I t  i s  shown t h a t  t h i s  method 
i n c r e a s e s  t h e  p r o b a b i l i t y  of s u c c e s s f u l  i n j e c t i o n  and miss ion  suc- 
cess. The magnitude of t h e  i n c r e a s e  i s  s t r o n g l y  dependent upon 
how soon a f t e r  S I V B  engine  cu to f f  t h e  SPS c o r r e c t i v e  maneuver can 
be performed. For a s u f f i c i e n t l y  e a r l y  corrective maneuver t h i s  
method could be used t o  s a t i s f y  t h e  two-sigma i n j e c t i o n  requirement  
f o r  c e r t a i n  miss ions  where t h a t  c o n s t r a i n t  is  v i o l a t e d  f o r  f u l l y -  
loaded SPS tar?kc. For l a t e r  tir!?es t he  m e t h d  allcws a reduction i n  
t h e  minimum r e q u i r e d  p r o p e l l a n t  o f f loaded  t o  meet t h e  i n j e c t i o n  re- 
quirement .  For any amount of p r o p e l l a n t  o f f l o a d i n g ,  t h e  second 
method always p rov ides  a h igher  p r o b a b i l i t y  of  miss ion  success .  

I t  i s  assumed t h a t  normal p r o b a b i l i t i e s  can  be a s s o c i a t e d  
wi th  t h e  SIVR f l i g h t  performance r e s e r v e  p r o p e l l a n t  and the space- 
c r a f t  d i s p e r s i o n  p r o p e l l a n t  budget.  

SEE REVERSE SIDE FOR DISTRIBUTION LIST 
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TECHNICAL MEMORANDUM 

INTRODUCTION 

Many of t h e  c u r r e n t l y  proposed l u n a r  miss ions  have s i z e -  
a b l e  Service Propuls ion  System (SPS) p r o p e l l a n t  margins w i t h  f u l l  
t anks  over and above t h e  p r o p e l l a n t  needed f o r  r e q u i r e d  miss ion  
maneuvers, a contingency AV budget of 600 f t / s e c ,  and three-sigma 
(30) t r a j e c t o r y  d i s p e r s i o n s  and performance u n c e r t a i n t i e s .  On t h e  
o ther  hand, J-mission CSM and L M  weights  w i t h  f u l l  s p a c e c r a f t  
p r o p e l l a n t  tanks  may exceed t h e  launch v e h i c l e  i n j e c t e d  payload 
c a p a b i l i t y .  Two methods are proposed t o  s a t i s f y  miss ion  energy 
requi rements  and i n c r e a s e  the  p r o b a b i l i t y  of s u c c e s s f u l  i n j e c t i o n .  

One of these methods i s  t h e  r educ t ion  of SPS propel -  
l a n t  margin p r i o r  t o  launch.  The q u e s t i o n  then  a r i s e s  as t o  how 
much p r o p e l l a n t  should be o f f loaded .  I t  i s  p o s s i b l e  t o  o f f l o a d  
t h e  minimum amount of SPS p r o p e l l a n t  r e q u i r e d  t o  s a t i s f y  t h e  
launch v e h i c l e  i n j e c t e d  w e i g h t  l i m i t .  However, s i n c e  t h e  c u r r e n t  
SIVB f l i g h t  performance r e s e r v e s  correspond t o  a two-sigma (20) 
p r o b a b i l i t y  level of p r o p e l l a n t  non-deplet ion and s i n c e  t h e  space- 
c r a f t  h a s  a p r o p e l l a n t  margin above t h e  nominal d i s p e r s i o n  budget 
which p rov ides  f o r  a 3a p r o b a b i l i t y  l e v e l ,  it may be d e s i r a b l e  t o  
offload more than  t h e  m i n i m u m  p r o p e l l a n t  r equ i r ed .  This  would 
have t h e  e f f e c t  of decreas ing  t h e  i n j e c t e d  weight ,  thereby  inc reas -  
i n g  t h e  p r o b a b i l i t y  of a s u c c e s s f u l  t r a n s l u n a r  i n j e c t i o n  ( T L I )  by 
t h e  launch v e h i c l e  a t  t he  expense of c a r r y i n g  less SPS p r o p e l l a n t  
margin above 3a requirements ,  which decreases t h e  p r o b a b i l i t y  of 
s u c c e s s f u l l y  performing t h e  r e q u i r e d  s p a c e c r a f t  maneuvers i n  t h e  
p re sence  of d i s p e r s i o n s  and performance u n c e r t a i n t i e s .  I n  t h i s  
memorandum an opt imal  va lue  f o r  o f f loaded  SPS p r o p e l l a n t  i s  d e t e r -  
mined t h a t  maximizes a composite p r o b a b i l i t y  which i s  an i n d i c a t o r  
of o v e r a l l  miss ion  success .  I n  t h e  even t  of improved launch vehi-  
cle performance p r e d i c t i o n ,  the  composite p r o b a b i l i t y  i s  maximized 
using l o w e r  va lues  of SPS p r o p e l l a n t  o f f loaded .  The numerical  
r e s u l t s  gene ra t ed  i n  t h i s  memorandum s e r v e  p r i m a r i l y  t o  i i i u s -  
t r a t e  t h e  op t imiza t ion  method. More s p e c i f i c  r e s u l t s  can be 
o b t a i n e d  once o p e r a t i o n a l  t r a j e c t o r y  d a t a  become avai lable  f o r  
a s p e c i f i c  miss ion .  

The method of o f f l o a d i n g  described above assumes t h a t  
i n j e c t i o n  i s  completed by t h e  SIVB s t a g e  of t h e  launch v e h i c l e .  I n  
a second proposed method the miss ion  i s  flown w i t h  f u l l  SPS tanks .  
For a c e r t a i n  range of off-nominal i n j e c t i o n  s i t u a t i o n s  exceeding 
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the p r o p e l l a n t  c a p a b i l i t y  of t h e  S I V B ,  i n j e c t i o n  i s  performed by 
burn ing  t h e  SIVB engine  t o  p r o p e l l a n t  d e p l e t i o n  and completing 
t h e  i n j e c t i o n  maneuver w i t h  s p a c e c r a f t  p r o p e l l a n t  r e s e r v e s  as 
soon as  p o s s i b l e  a f te r  S I V B  engine c u t o f f .  T h i s  method i s  a l so  
i n v e s t i g a t e d  and t h e  p r o b a b i l i t i e s  of s u c c e s s f u l  i n j e c t i o n  and 
miss ion  success  associated w i t h  it are determined.  I t  i s  a l s o  
shown t h a t  bo th  methods, i . e .  o f f l o a d i n g  and  s p a c e c r a f t  comple- 
t i o n  of i n j e c t i o n  can be combined t o  s a t i s f y  i n j e c t i o n  r equ i r e -  
ments and i n c r e a s e  t h e  p r o b a b i l i t y  of m i s s i o n  s u c c e s s .  

ANALYSIS 

Composite P r o b a b i l i t y  of Mission Success 

The nominal Apollo miss ion  can be thought  of as a 
sequence of maneuvers a l l  of which must be performed success-  
f u l l y .  Therefore ,  w e  could  a t t a c h  a compound p r o b a b i l i t y  of 
o v e r a l l  success  t o  t h e  mission g iven  by 

. . . (1) 
L/V ' 'CSM 'LM DESCENT 'LM ASCENT = P  'mi s s i o n  

success  

denotes  t h e  p r o b a b i l i t y  of a s u c c e s s f u l  i n j e c t i o n  by 
L/V 

where P 

t h e  launch vehicle,  PCSM denotes  t h e  p r o b a b i l i t y  of s u c c e s s f u l  
Command and Service Module Performance* (midcourse c o r r e c t i o n s ,  

'LM DESCENT deno tes  t h e  p r o b a b i l i t y  of a suc- 
c e s s f u l  LM descen t ,  etc.  With r ega rd  t o  o f f l o a d i n g  SPS propel-  
l a n t  o r  completing i n j e c t i o n  w i t h  t h e  s p a c e c r a f t ,  on ly  P 

are affected; t h e r e f o r e ,  fo r  p r e s e n t  purposes  a l l  o t h e r  'CSM 
f a c t o r s  may be cons idered  cons t an t .  Consequently w e  may maxi- 
mize a measure of t h e  p r o b a b i l i t y  of a s u c c e s s f u l  m i s s i o n  by 
maximizing t h e  composite p r o b a b i l i t y  Pc where  

TE1, etc*) 

L/V and 

pc = pL/v 'CSM ( 2 )  

The p r o b a b i l i t i e s  P, ,T, a n d  P,,,, a r e  f u n c t i o n s  of launch v e h i c l e  
and s p a c e c r a f t  d i s p e r s i o n s  and t h e  a v a i l a b l e  p r o p e l l a n t  a l l o c a t e d  
f o r  such d i s p e r s i o n s .  I f  i t  i s  assumed t h a t  normal p r o b a b i l i t i e s  

-/ " L 31.1 

i s  a c o n d i t i o n a l  p r o b a b i l i t y ,  i . e . ,  it i s  condi- *'CSM 
t i o n a l  upon a s u c c e s s f u l  i n j e c t i o n  by the launch v e h i c l e .  
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may be a t t a c h e d  t o  t h e  launch v e h i c l e  and s p a c e c r a f t  d i s p e r s i o n  
allowances wi thou t  in t roducing  s i g n i f i c a n t  e r r o r ,  then Pc can be 
computed g iven  t h e  a levels corresponding t o  t h e  launch v e h i c l e  
and s p a c e c r a f t  d i s p e r s i o n  budgets.  The de te rmina t ion  of these 
u l e v e l s  i s  considered i n  the fo l lowing  two s e c t i o n s .  

Launch Vehicle  Sigma Level 

Launch v e h i c l e  performance i s  concerned wi th  v e h i c l e  
f l i g h t  from l i f t - o f f  t o  f i n a l  S I V B  engine c u t o f f .  The SIVB 
s t a g e  rocket  engine nominally performs t h e  f i n a l  boos t  i n t o  e a r t h  
park ing  o r b i t  and t h e  t r a n s l u n a r  i n j e c t i o n  maneuver. A p o r t i o n  
of t h e  SIVB p r o p e l l a n t  budget i s  des igna ted  as t h e  F l i g h t  P e r -  
formance Reserve ( F P R ) .  This p r o p e l l a n t  r e s e r v e  i s  d i s t i n c t  from 
t h e  F l i g h t  Geometry Reserve ( F G R )  and provides  f o r  a s u c c e s s f u l  
i n j e c t i o n  i n  t h e  presence of e r r o r s  due t o  u n c e r t a i n t y  i n  mass, 
propu l s ion ,  aerodynamics, and environment. The de te rmina t ion  of  
a t y p i c a l  FPR i s  desc r ibed  i n  References 1 and 2 .  Curren t  law.::h 
v e h i c l e  b a s e l i n e  performance i n c l u d e s  a 2a SIVB f l i g h t  p e r f o r -  
mance budget ,  which corresponds t o  a one-sided* normal p r o b a b i l i t y  = 
.97725 of p r o p e l l a n t  non-depletion du r ing  i n j e c t i o n .  Launch vehi- 
cle performance provides  20  c a p a b i l i t y  f o r  a b a s e l i n e  payload 
t o  be i n j e c t e d  from a 9 0  NM e a r t h  park ing  o r b i t  t o  a r e f e r e n c e  

Base l ine  payloads f o r  J missions are p resen ted  i n  Reference 3 .  
energy of  -8.05 x lo6 f t  2 /sec 2 p l u s  a FGR allowance of 32.8 f t / s e c .  

For a s p e c i f i c  mission s e v e r a l  f a c t o r s  and o p t i o n s  may 
be used t o  i n c r e a s e  t h e  i n j e c t e d  payload above t h e  b a s e l i n e  va lue  
whi le  s t i l l  main ta in ing  the  20 f l i g h t  performance r e s e r v e .  These 
i n c l u d e  i n c r e a s e d  performance due t o  temperature  and wind v a r i a -  
t i o n s ,  p r o p e l l a n t  sav ings  from a miss ion  s p e c i f i c  energy less 
than  t h e  r e f e r e n c e  va lue  and t h e  use  of a p o r t i o n  of t h e  f l i g h t  
geometry reserve .**  Therefore ,  f o r  a g iven  mission and launch 
v e h i c l e ,  t h e r e  e x i s t s  a s p e c i f i c  payload t h a t  may be i n j e c t e d  wi th  
a 2 u  p r o b a b i l i t y  of success .  
s e n t e d  i n  Table  I f o r  s e v e r a l  sample mis s ions .  

This  weight  denoted as W 2 a  i s  pre-  

*Only t h o s e  d i spe r s ions  caus ing  SIVB p r o p e l l a n t  con- 

The same one-sided p r o b a b i l i t i e s  apply t o  t h e  
sumption above t h e  nominal value may r e s u l t  i n  unsuccessfu l  
i n j e c t i o n s .  
cmr%-nr* r3Ft  uyurLb&ui  C-• 

**Twenty-three of t h e  32.8 f t / s e c  FGR w a s  budgeted t o  
account  f o r  v a r i a t i o n s  i n  earth-moon geometry. On a missior,  
s p e c i f i c  b a s i s  t h i s  a l lotment  i s  n o t  r e q u i r e d  (see Reference 4 
f o r  a d i s c u s s i o n  of t h e  F G R ) .  
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T h e  maximum a p r o b a b i l i t y  l e v e l  f o r  a complete i n j e c -  
t i o n  by t h e  SIVB w i t h  an i n j e c t e d  weight  WI d i f f e r e n t  from W2u 

i s  approximated by 

X a l b  SIVB p r o p e l l a n t  
a l b  SIVB i n j e c t e d  i n e r t  weight  c = 2 . 0  + uL/V 

(wzu - WI) 3 a sigma l e v e l  
a l b  SIVB p r o p e l l a n t  ( 3 )  

The exchange r a t i o :  l b  SIVB p r o p e l l a n t / l b  i n e r t  weight a t  i n j e c -  
t i o n  i s  approximately . 9 0 .  The va lue  of SIVB p r o p e l l a n t  p e r  sigma 
i s  e s t ima ted  a t  9 6 6  l b s ,  which would correspond t o  a 3a FPR of 
2 8 9 8  lbs .  Using t h e s e  va lues ,  

aL/V = 2.0  + . 0 0 0 9 4 2  ( W Z u  - WI) ( 4 )  

The a c t u a l  i n j e c t e d  weight WI i s  ob ta ined  i n  t e r m s  of SPS pro- 
p e l l a n t  o f f loaded  by means of t h e  r e l a t i o n ,  

- PROPELLANT OFFLOADED (5) - 
w~ - 'FULL SPS 

= t h e  i n j e c t e d  weight  corresponding t o  f u l l  SPS where W~~~~ SPS 
L/V as a tanks .  These r e l a t i o n s  a r e  employed t o  determine u 

f u n c t i o n  of SPS p r o p e l l a n t  of f loaded .  

S p a c e c r a f t  Sigma Level 

The SPS p r o p e i i a n t  budget co i i ta ins a iioiiihal reserve 
des igna ted  f o r  d i s p e r s i o n s .  This  budget provides  t h e  s p a c e c r a f t  
w i th  3a c a p a b i l i t y  t o  perform a l l  r equ i r ed  maneuvers i n  t h e  
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p resence  of i n i t i a l  s t a t e  vec to r  e r r o r s ,  n a v i g a t i o n  u n c e r t a i n t i e s ,  
guidance e r r o r s ,  and performance u n c e r t a i n t i e s  (References 5 and 
6 ) .  A t y p i c a l  SPS 3 u  d i s p e r s i o n  budget f o r  a J mis s ion  i s  
approximately 615 l b s  o r  205 l b s / u .  

Many proposed J missions have s i z e a b l e  SPS margins above 
30 requi rements .  W e  can cons ider  any e x i s t i n g  p r o p e l l a n t  margin 
a s  be ing  added t o  t h e  nominal d i s p e r s i o n  budget  thereby  provid ing  
a p r o b a b i l i t y  of s u c c e s s f u l  s p a c e c r a f t  performance i n  excess  of 
t h e  3u l e v e l .  The a v a i l a b l e  u l e v e l  i s  approximated by 

U CSM = 3 . 0  + ( p r o p e l l a n t  margin above 3u)/205 l b s / o  (6) 

Feorn The end-of-mission p r o p e l l a n t  margin above 3u requi rements ,  
i s  r e l a t e d  t o  p r o p e l l a n t  o f f l o a d e d ,  Fo, by means of (see Appendix 

A .  1) 

Feom - - Feomf ( I - & )  (7) 

where Fom = maximum p o s s i b l e  p r o p e l l a n t  o f f loaded  
= end-of-mission p r o p e l l a n t  margin w i t h  f u l l  SPS t anks  Feomf 

Values of t h e  end-of-mission SPS p r o p e l l a n t  margin w i t h  f u l l  t a n k s  
and maximum o f f l o a d i n g  l i m i t s  a r e  p re sen ted  i n  Table I f o r  
s e v e r a l  sample miss ions .  It can be  noted t h a t  f o r  a l l  miss ions  
t h e  maximum p r o p e l l a n t  t h a t  can be of f loaded  i s  approximately 
t w i c e  t h e  end of miss ion  p r o p e l l a n t  margin f o r  a fu l ly - t anked  
miss ion .  T h i s  i s  a r e s u l t  of diminished p r o p e l l a n t  requirements  
a s  t h e  s p a c e c r a f t  weight  decreases  due t o  o f f l o a d i n g .  Therefore ,  

'u r" - F /2 eom = eomf 0 
F 
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RESULTS FOR SPS PROPELLANT OFFLOADING ( I n j e c t i o n  by t h e  SIVB Only) 

1 
I 
8 
8 
t 
8 

8 
I 

Using t h e  preceeding r e l a t i o n s  t h e  composite proba- 
b i l i t y  Pc w a s  computed as a f u n c t i o n  of p r o p e l l a n t  o f f l o a d e d  f o r  
s i x  sample miss ions  t o  t h r e e  l u n a r  l and ing  si tes.  Two weight  
models w e r e  cons idered  f o r  each m i s s i o n :  t h e  f i r s t  corresponding 
t o  c u r r e n t  c o n t r o l  weights  and t h e  second inc lud ing  t h e  effects  
of p o s s i b l e  growth and increased  payload.  These weight  models 
are desc r ibed  i n  Table  11. S p a c e c r a f t  weights  f o r  a c t u a l  mi s s ions  
w i l l  probably be between t h e  c o n t r o l  and growth weights .  T h e  
miss ion  independent AV budget employed i n  t h e  de t e rmina t ion  of  
t h e  p r o p e l l a n t  reserve wi th  f u l l  SPS tanks  and t h e  maximum per-  
m i s s i b l e  o f f l o a d i n g  i s  descr ibed  i n  Table  111. 

The r e s u l t s  are presented  i n  F igu res  1-4 where compo- 
si te p r o b a b i l i t y  i s  presented as a f u n c t i o n  of t h e  f r a c t i o n  of 
t h e  m a x i m u m  p o s s i b l e  p r o p e l l a n t  o f f l o a d e d  for  missions t o  Marius 
H i l l s ,  Descartes, Copernicus and Hadley. I t  should be noted t h a t  
a c t u a l  p r o p e l l a n t  o f f loaded  corresponding t o  a s p e c i f i e d  frac- 
t i o n a l  va lue  depends upon t h e  maximum v a l u e  t h a t  can be o f f l o a d e d  
(above 3a requi rements )  and i s  therefore mission dependent.  I t  

may be seen  t h a t  f o r  t h e  cont ro l  weight  s p a c e c r a f t  t h e  composite 
p r o b a b i l i t y  is maximized by of f l o a d i n g  approximately 3/4 of  t h e  
maximum p o s s i b l e  i n  a l l  cases .  Th i s  op t imal  f r a c t i o n  i n c r e a s e s  
f o r  t h e  growth weight  s p a c e c r a f t , a n d  f o r  Copernicus maximizing t h e  
composite p r o b a b i l i t y  r e q u i r e s  t h a t  t h e  maximum p o s s i b l e  propel -  
l a n t  be  offloaded. T h i s  i n c r e a s e  i n  p r o p e l l a n t  o f f l o a d e d  t o  
o b t a i n  a maximum Pc i s  due t o  t h e  inc reased  s p a c e c r a f t  weight .  
A s  t h e  i n j e c t e d  weight increases ,  t h e  c o n s t r a i n i n g  factor o n  t h e  
composite p r o b a b i l i t y  i s  t h a t  due t o  t h e  launch v e h i c l e .  This  
f a c t o r  i s  maximized by o f f l o a d i n g  as much as p o s s i b l e  the reby  
reducing  t h e  i n j e c t e d  weight.  T h e  i n c r e a s e  i n  composite proba- 
b i l i t y  from t h e  fu l ly- tanked  s p a c e c r a f t  t o  t h e  case of opt imal  
o f f l o a d i n g  i s  s i g n i f i c a n t .  For example a cont ro l -weight  m i s -  
s i o n  t o  Hadley (7/23/74) has a composite p r o b a b i l i t y  = .9934 w i t h  
f u l l  SPS t anks  and a composite p r o b a b i l i t y  = .9999982 f o r  t h e  
o p t i m a l l y  o f f loaded  case. 

The 2a launch v e h i c l e  c o n s t r a i n t  can be i l l u s t r a t e d  
by a h o r i z o n t a l  l i n e  i n  F igures  1 -4 .  When t h e  f r a c t i o n  of SPS 
p r o p e l l a n t  o f f loaded  i s  s m a l l ,  t h e  f a c t o r  PCSM i s  nea r  u n i t y  and 

t h e  composite p r o b a b i l i t y  i s  e s s e n t i a l l y  determined by t h e  f a c t o r  

p r o b a b i l i t y  curves  d e f i n e s  the  minimum f r a c t i o n  of SPS p r o p e l l a n t  
t h a t  must be o f f loaded  t o  main ta in  t h e  2a launch v e h i c l e  r e q u i r e -  
ment. I f  t h e  2a l i n e  does not  i n t e r s e c t  t h e  p r o b a b i l i t y  curve  
f o r  a g iven  miss ion , then  t h a t  m i s s i o n  can be f l o w n  w i t h  f u l l  SPS 
t a n k s  and n o t  v i o l a t e  t h e  2a launch v e h i c l e  c o n s t r a i n t .  However, 
it i s  clear from t h e  cases i l l u s t r a t e d  t h a t ,  even where p o s s i b l e ,  
f l y i n g  t h e  mission w i t h  f u l l  t a n k s  does no t  maximize t h e  compo- 
s i t e  p r o b a b i l i t y  of miss ion  success .  

P L/v. The re f s re , the  i n t e r s e c t i o n  cf t h i s  l i n e  V i t h  the coxpcsite 
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When t h e  2 u  launch v e h i c l e  i n j e c t e d  weight  c a p a b i l i t y  
i s  s u f f i c i e n t l y  l a r g e  and/or there e x i s t s  a s i z e a b l e  SPS pro- 

w i l l  approach p e l l a n t  margin f o r  t h e  mission,  t h e  f a c t o r  P 

u n i t y  when t h e  maximum p o s s i b l e  p r o p e l l a n t  i s  o f f loaded .  When 
t h i s  occurs  t h e  composite p r o b a b i l i t y  i s  e s s e n t i a l l y  determined 
by t h e  f a c t o r  PCSM. I t  may be seen  t h a t ,  f o r  a l l  of t h e  c o n t r o l  
weight  miss ions  and m o s t  of t h e  growth weight  miss ions ,  t h e  com- 
p o s i t e  p r o b a b i l i t y  approaches t h e  3a level  when t h e  maximum pos- 
s i b l e  p r o p e l l a n t  i s  of f loaded .  T h i s  i s  due t o  t h e  f a c t  t h a t  i n  
t h e  maximum of f loaded  s t a t e  t h e  SPS margin i s  ze ro  and t h e  space- 
c r a f t  i s  o p e r a t i n g  a t  t h e  3a o r  nominal d i s p e r s i o n  budget l e v e l .  

L/V 

A s  might be  expec ted , the  maximum va lue  of composite 
p r o b a b i l i t y  f o r  a given mission wi th  a growth weight  s p a c e c r a f t  
i s  less than  t h a t  f o r  a c o n t r o l  weight  s p a c e c r a f t .  This  decrease 
can be cons idered  as a penal ty  p a i d  i n  t h e  composite p r o b a b i l i t y ,  
which i s  d i r e c t l y  r e l a t e d  t o  t h e  p r o b a b i l i t y  of  miss ion  s u c c e s s ,  
as a r e s u l t  of t he  a d d i t i o n a l  s p a c e c r a f t  weight .  

I n  F igu res  5 and 6 t h e  u p r o b a b i l i t y  levels f o r  t h e  
s p a c e c r a f t  and launch v e h i c l e  are p resen ted  as f u n c t i o n s  of t h e  
f r a c t i o n  of SPS p r o p e l l a n t  of f loaded  f o r  f o u r  sample miss ions  
wi th  a c o n t r o l  and growth weight s p a c e c r a f t  r e s p e c t i v e l y .  The 
opt imal  va lues  of p r o p e l l a n t  o f f loaded  are d e p i c t e d  by ve r t i ca l  
l i n e s .  
when t h e  u l e v e l s  f o r  t h e  launch vehicle and s p a c e c r a f t  are 
approximately equa l .  An except ion t o  t h i s  occurs  when t h e  u 

and ‘CSM 
Copernicus (1/28/74, growth weight) i n  which  case t h e  opt imal  
o f f l o a d i n g  r a t i o  e q u a l s  one. 

I t  may be noted t h a t  maximum composite p r o b a b i l i t y  occur s  

L/V 
curves  fo r  a g iven  mission do n o t  i n t e r s e c t  e.g. 

INCOMPLETE I N J E C T I O N  BY THE SIVB STAGE 

Analys is  

From the  previous  r e s u l t s  it i s  clear t h a t  o f f l o a d i n g  
SPS p r o p e l l a n t  can r e s u l t  i n  an inc reased  p r o b a b i l i t y  of  miss ion  
success .  For t h e  missions considered where t h e  f u l l y - t a n k e d  
s p a c e c r a f t  v i o l a t e s  t h e  20 launch v e h i c l e  c o n s t r a i n t ,  o f f l o a d i n g  
can be  employed t o  s a t i s f y  t h a t  c o n s t r a i n t .  The i n t u i t i v e  d isad-  
vantage  of o f f l o a d i n g  l i e s  i n  t h e  f a c t  t h a t ,  i f  launch v e h i c l e  
performance i s  near  nomina1,we have g iven  up a p r o p e l l a n t  r e s e r v e  
which might be u s e f u l  i n  a l a t e r  contingency s i t u a t i o n .  

An a l t e r n a t i v e  method of i n c r e a s i n g  t h e  p r o b a b i l i t y  of 
i n j e c t i o n  and miss ion  success  i s  t o  f l y  t h e  miss ion  w i t h  f u l l  
SPS tanks  and t o  allow f o r  t h e  p o s s i b i l i t y  of completing T L I  
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w i t h  the  SPS f o r  a c e r t a i n  s e t  of off-nominal s i t u a t i o n s .  For 
a given miss ion ,  launch v e h i c l e ,  and a s p e c i f i e d  amount of pro- 
p e l l a n t  o f f loaded ,  it h a s  been e s t a b l i s h e d  t h a t  t h e r e  e x i s t s  a 
maximum SIVB u p r o b a b i l i t y  l e v e l  (equat ion  4 )  f o r  which com- 
p l e t e  i n j e c t i o n  by t h e  SIVB engine i s  p o s s i b l e ,  u t i l i z i n g  t h e  
e n t i r e  f l i g h t  performance reserve .  Suppose t h a t  t h e  launch 
vehic le  performance i s  s u f f i c i e n t l y  off-nominal such t h a t  a 
completed t r a n s l u n a r  i n j e c t i o n  would r e q u i r e  more than  t h e  pro- 
vided FPR. I n  o t h e r  words, an SIVB p r o p e l l a n t  d e f i c i t ,  FSIVBd, 

e x i s t s  and it i s  n o t  p o s s i b l e  fo r  t h e  SIVB t o  complete t h e  TLI  
maneuver. A t  t h i s  p o i n t  a dec i s ion  t o  a b o r t  t h e  miss ion  or per- 
form an a l t e r n a t e  m i s s i o n  might be r e q u i r e d  (Reference 7 ) .  How- 
e v e r ,  it may be  p o s s i b l e  t o  perform t h e  T L I  maneuver by burning 
t h e  S I V B  engine t o  p r o p e l l a n t  d e p l e t i o n  r e s u l t i n g  i n  an incom- 
p l e t e  i n j e c t i o n  and completing t h e  i n j e c t i o n  maneuver w i t h  
a v a i l a b l e  s p a c e c r a f t  p r o p e l l a n t  as soon as p o s s i b l e  a f t e r  SIVB 
e n g i n e  cu tog f .  

An e s t i m a t i o n  of t h e  s p a c e c r a f t  p r o p e l l a n t  r equ i r ed  
t o  complete t h e  t r a n s l u n a r  i n j e c t i o n  i n  t h e  e v e n t  of incomplete 
i n j e c t i o n  by t h e  SIVB i s  descr ibed  i n  Appendix B. I t  is  shown 
f o r  example t h a t  approximately fou r  l b s  of s p a c e c r a f t  p r o p e l l a n t  
are r e q u i r e d  f o r  each l b  of SIVB p r o p e l l a n t  d e f i c i t  when t h e  
c o r r e c t i v e  s p a c e c r a f t  maneuver i s  performed f o u r  hours  a f t e r  
S I V B  engine shutdown. Required s p a c e c r a f t  p r o p e l l a n t  fo r  o t h e r  
c o r r e c t i v e  maneuver t i m e s  i s  p re sen ted  i n  Table  I V .  I t  i s  
impor tan t  t o  no te ,  however, t h a t  t h e  s p a c e c r a f t  p r o p e l l a n t  a v a i l -  
able f o r  t h e  c o r r e c t i v e  maneuver i s  g r e a t e r  t han  t h e  end of 
miss ion  s p a c e c r a f t  p r o p e l l a n t  r e s e r v e  above 3u requi rements .  I n  

maximum a v a i l a b l e  spacecraft p r o p e l l a n t ,  FspsI(mX) I 

(Appendix A . 2 )  t o  be e q u a l  t o  
f a c t  t h e  
i s  shown 

- - 
FSPSI (MAX) 

are de f ined  Feomf where Fom, 

( F 2 f  ) eom 2 * Feom 

on Page 5 and Feom i s  g iven  by 
equa t ion  ( 7 ) .  For c u r r e n t  missions and s p a c e c r a f t  weights  t h e  
p r o p e l l a n t  a v a i l a b l e  a t  i n j e c t i o n  i s  approximately t w i c e  t h e  end 
of mis s ion  r e se rve .  This  effect  i s  due t o  t h e  f ac t  t n a t  by 
u t i l i z i n g  t h e  s p a c e c r a f t  p r o p e l l a n t  w e  are e s s e n t i a l l y  performing 
an o f f l o a d i n g  o p e r a t i o n  which reduces s p a c e c r a f t  w e i g h t  and 
p r o p e l l a n t  requirements  f o r  t h e  l a t e r  phases  of t h e  m i s s i o n .  
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Inc reased  C o m D o s i t e  P r o b a b i l i t v  

When t h e  op t ion  of completing T L I  w i t h  s p a c e c r a f t  pro- 
p e l l a n t  i s  inc luded  t h e  composite p r o b a b i l i t y  of mission success  
d e f i n e d  by equat ion  ( 2 )  i n c r e a s e s .  T h i s  i s  t r u e  s i n c e  f o r  a l l  
c a s e s  where t h e  SIVB sigma p r o p e l l a n t  l e v e l *  i s  less than  t h e  
l i m i t i n g  va lue  de f ined  i n  equat ion  ( 4 ) ,  i n j e c t i o n  by t h e  S I V B  
a lone  i s  p o s s i b l e  and i n  a d d i t i o n  there e x i s t s  ano the r  se t  of 
f u r t h e r  off-nominal cases w h e r e  i n j e c t i o n  can be completed by 
t h e  s p a c e c r a f t  and subsequent phases  of t h e  mission performed 
s u c c e s s f u l l y .  

The i n c r e a s e  i n  composite p r o b a b i l i t y  i s  read- i ly  des- 
cribed as a sum of i n d i v i d u a l  t e r m s .  Each t e r m  c o n s i s t s  of t h e  
p r o b a b i l i t y  t h a t  t h e  equiva len t**  S I V B  sigma p r o p e l l a n t  l e v e l  
lies i n  a c e r t a i n  range m u l t i p l i e d  by t h e  p r o b a b i l i t y  of suc- 
c e s s f u l  s p a c e c r a f t  performance i n  t h a t  even t .  The p r o b a b i l i t y  
of s u c c e s s f u l  s p a c e c r a f t  performance i n  each t e r m  i s  therefore 
c o n d i t i o n a l  upon t h e  equ iva len t  S I V B  sigma p r o p e l l a n t  l e v e l ,  

When t h e  sigma p r o p e l l a n t  l e v e l  r e q u i r e d  f o r  i n j e c t i o n  
i s  less than  t h e  l i m i t i n g  value fo r  complete i n j e c t i o n  by t h e  
SIVB, t h e  p r o b a b i l i t y  of s u c c e s s f u l  s p a c e c r a f t  performance i s  
found from equa t ion  (6) and i s  independent of t h e  sigma propel -  
l a n t  l e v e l  r e q u i r e d .  When t h e  r e q u i r e d  sigma p r o p e l l a n t  l e v e l  

t h e  p r o b a b i l i t y  of Success fu l  s p a c e c r a f t  p e r f c r -  exceeds u 

mance i s  diminished i n  accordance w i t h  t h e  amount of SPS pro- 
p e l l a n t  r e q u i r e d  t o  complete t h e  i n j e c t i o n .  T h e  i n c r e a s e d  com- 
p o s i t e  p r o b a b i l i t y ,  Pc,  i s  t h e r e f o r e  e x p r e s s i b l e  as 

SIVB' U 

L/V 

I = u  SIVB U 

(10) 
i 

< u . )  'CSM 
= u  ( U i - 1  S I V B  1 

< u  P 

0 
+ c  

S I V B  U 
L/V ' 'CSM Pc = P 

*Sigma p r o p e l l a n t  l e v e l  i s  t h e  r equ i r ed  p r o p e l l a n t  
r e l a t i v e  t o  t h e  nominal p r o p e l l a n t  expendi ture  i n  t e r m s  of i t s  -- c i r r m a  x... u T . 7 d . l J e .  ~ n r  example a n  S I V B  p r o p e l l a n t  requirement  of 
2 8 9 8  lbs. above t h e  nominal r e q u i r e m e n t  i s  t h e  same a s  a 3 a  
p r o p e l l a n t  l e v e l  ( 9 6 6  lbs/u). 

**The use of t h e  word e q u i v a l e n t  denotes  t h e  f a c t  t h a t  
SIVB p r o p e l l a n t  above t h e  sigma va lue  de f ined  by equa t ion  ( 4 )  
i s  n o t  a v a i l a b l e .  However, t h e  u s e  of s p a c e c r a f t  p r o p e l l a n t  i s  
e q u i v a l e n t  t o  assuming t h a t  a n  a d d i t i o n a l  SIVB reserve e x i s t s .  
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u = u  t Au* and u I  = t h e  maximum sigma l e v e l  where uo = 

f o r  a s u c c e s s f u l  i n j e c t i o n  u t i l i z i n g  a l l  a v a i l a b l e  SPS p r o p e l l a n t  
above t h e  30 s p a c e c r a f t  r e s e r v e s  (Appendix B ) .  

a r e  c a l c u l a t e d  by determining t h e  amount of SPS p r o p e l l a n t  expended 
t o  complete i n j e c t i o n  as a f u n c t i o n  of uSIm a s  d e s c r i b e d  i n  
Appendix B ,  r e d e f i n i n g  t h e  SPS p r o p e l l a n t  margin and us ing  equa- 
t i o n  ( 6 ) .  

‘L/v’ i i-1 

The t e r m s  PCSMi 

R e s u l t s  

Using t h e  above a n a l y s i s  t h e  composite p r o b a b i l i t y  f o r  
i n j e c t i o n  by t h e  S I V B  a lone  or by t h e  SIVB and s p a c e c r a f t  was 
determined. The r e s u l t s  a r e  i l l u s t r a t e d  i n  F igu res  7-12 f o r  
several sample miss ions  w i t h  c o n t r o l -  and growth-weight space- 
crafts.  Composite p r o b a b i l i t i e s  cor responding  t o  p o s s i b l e  i n j e c -  
t i o n  by t h e  SIVB a l o n e  or by t h e  SIVB and s p a c e c r a f t  a r e  p re -  
s e n t e d  as a f u n c t i o n  of  f r a c t i o n  of SPS p r o p e l l a n t  o f f l o a d e d  f o r  
several t i m e s  a t  which t h e  SPS i n j e c t i o n  completion maneuver 
might b e  performed. The t i m e  des igna ted  a s  zero hours r e p r e s e n t s  
a h y p o t h e t i c a l  l i m i t i n g  case where i n j e c t i o n  i s  completed by t h e  
s p a c e c r a f t  immediately a f t e r  SIVB engine  c u t o f f .  
t i v e  purposes  t h e  composite p r o b a b i l i t y  corresponding t o  i n j e c -  
t i o n  by the SIVB only  is aga in  p re sen ted .  The  composite proba- 
b i l i t i e s  f o r  fu l ly- loaded  SPS t a n k s  lie on t h e  v e r t i c a l  l i n e  
corresponding t o  ze ro  f r a c t i o n  of SPS p r o p e l l a n t  o f f loaded .  

For compari- 

I t  i s  clear from F igures  7-12 t h a t  t h e  o p t i o n  of com- 
p l e t i n g  i n j e c t i o n  wi th  t h e  s p a c e c r a f t  can i n c r e a s e  t h e  composite 
p r o b a b i l i t y  s i g n i f i c a n t l y  depending upon how soon a f t e r  S I V B  
c u t o f f  t h e  i n j e c t i o n  can be  completed.  The s i g n i f i c a n t  d e c r e a s e  
i n  composite p r o b a b i l i t y  over a t i m e  span of s e v e r a l  hours  a f te r  
S I V B  c u t o f f  i s  due t o  t h e  r a p i d  d e c r e a s e  i n  s p a c e c r a f t  v e l o c i t y  
which i n  t u r n  r e s u l t s  i n  g r e a t e r  r e q u i r e d  p r o p e l l a n t  expend i tu re s  
t o  make up t h e  energy d e f i c i t  caused by premature ‘SIVB c u t o f f .  
I t  can a l s o  be seen  t h a t  t h e  op t ima l  va lue  of SPS p r o p e l l a n t  
o f f l o a d e d  v a r i e s  from z e r o  when i n j e c t i o n  i s  performed immedi- 
a t e l y  a f t e r  SIVB c u t o f f  t o  t h e  opt imal  va lue  f o r  i n j e c t i o n  by 
t h e  SIVB o n l y ,  a s  t h e  t i m e  a f t e r  S I V B  c u t o f f  i n c r e a s e s  and t h e  
s p a c e c r a f t  r e s e r v e  e x e r t s  a n e g l i g i b l e  e f f e c t  on t h e  i n j e c t i o n .  
I t  may be no ted ,  however, t h a t  f o r  t i m e s  of i n j e c t i o n  completion 
g r e a t e r  t han  two hours t h e  opt imal  o f f l o a d  f r a c t i o n  i s  essen-  
t i a l l y  t h e  same as i n  t h e  case  where i n j e c t i o n  i s  performed by 
t h e  S I V B  only .  

* d o  i s  a s u i t a b l e  s t e p  s i z e  used i n  t h e  numerical  
c a l c u l a t i o n  of t h e  summation t e r m  i n  equa t ion  ( 1 0 ) .  
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Allowing i n j e c t i o n  completion by t h e  s p a c e c r a f t  
increases t h e  sigma p r o b a b i l i t y  l e v e l  f o r  a s u c c e s s f u l  T L I .  
Th i s  i nc reased  sigma leve l ,  a I ,  is p r e s e n t e d  i n  F igu res  13-15 
as a f u n c t i o n  of f rac t ion  of SPS p r o p e l l a n t  o f f loaded  f o r  d i f -  
f e r e n t  s p a c e c r a f t  c o r r e c t i v e  maneuver t i m e s .  The cases i l l u s -  
t r a t e d  are growth-weight missions where t h e  t w o - s i g m a  i n j e c t i o n *  
c o n s t r a i n t  i s  v i o l a t e d  w i t h  f u l l  SPS t anks .  The sigma l e v e l  f o r  

i s  a l so  p resen ted  s u c c e s s f u l  i n j e c t i o n  us ing  t h e  S I V B  on ly ,  
f o r  comparative purposes .  The  f i g u r e s  i n a i c a t e  t h a t  t h e  sigma 
l e v e l  f o r  s u c c e s s f u l  i n j e c t i o n  can be i n c r e a s e d  s i g n i f i c a n t l y  
depending upon how soon a f t e r  SIVB c u t o f f  i n j e c t i o n  i s  completed 
by t h e  s p a c e c r a f t .  For example, t h e  f i g u r e s  i n d i c a t e  t h a t  t h e  
i n j e c t i o n  sigma l e v e l  f o r  growth-weight fu l ly - t anked  miss ions  
t o  Descartes and Hadley can be inc reased  by approximately 0.7 
by performing t h e  corrective maneuver two hours  a f t e r  SIVB cu t -  
o f f .  Th i s  is  e q u i v e l e n t  t o  an a d d i t i o n a l  SIVB performance reserve 
of . 7 a  x 966 lbs/o = 676 lbs. For l i g h t e r  s p a c e c r a f t ,  greater 
i n c r e a s e s  are p o s s i b l e  a r i s i n g  from larger  SPS p r o p e l l a n t  margins.  
The re fo re ,  i f  t h e  i n j e c t i o n  completion i s  performed soon enough 
a f t e r  S I V B  c u t o f f  t h e  two-sigma i n j e c t i o n  c o n s t r a i n t  can be s a t i s -  
f ied f o r  c e r t a i n  fu l ly- tanked  SPS mis s ions .  For l a te r  t i m e s  of 
i n j e c t i o n  completion the  me thod  can be used t o  reduce t h e  minimum 
amount of o f f loaded  p r o p e l l a n t  r e q u i r e d  t o  s a t i s f y  t h e  i n j e c t i o n  
c o n s t r a i n t .  I t  should a l so  be noted t h a t  t h e  r e s u l t s  of F igu res  
13-15 depend on ly  on the l a u n c h  v e h i c l e  sigma level and t h e  a v a i l -  
a b l e  s p a c e c r a f t  p r o p e l l a n t  t o  complete t h e  i n j e c t i o n  and are n o t  
dependent upon t h e  a s s o c i a t i o n  of normal p r o b a b i l i t i e s  w i th  t h e  
s p a c e c r a f t  d i s p e r s i o n  budget. 

aL/V 

DISCUSSION 

Examination o f  Methods 

From t h e  previous  r e s u l t s  it i s  p o s s i b l e  t o  draw cer- 
t a i n  conclus ions  about  t h e  r e l a t i v e  m e r i t s  of o f f l o a d i n g  SPS 
p r o p e l l a n t  p r i o r  t o  launch and al lowing f o r  completing of  i n j e c -  
t i o n  by t h e  s p a c e c r a f t  i n  c e r t a i n  off-nominal s i t u a t i o n s .  

From F igures  1-6 it i s  clear t h a t  o f f l o a d i n g  t h e  
opt imal  f r a c t i o n  of SPS p r o p e l l a n t  s a t i s f i e s  t h e  2a i n j e c t i o n  
requirement  and s i g n i f i c a n t l y  i n c r e a s e s  t h e  p r o b a b i l i t y  of m i s -  
s i o n  success .  The disadvantage of SPS p r o p e l l a n t  o f f l o a d i n g  
ar ises  from the f ac t  t h a t  i f  launch vehicle performance is  near-  
nominal, a p r o p e l l a n t  r e se rve  has  been l o s t  which might be 
r e q u i r e d  i n  a contingency s i t u a t i o n .  

*The c u r r e n t  two-sigma launch v e h i c l e  i n j e c t i o n  r equ i r e -  
ment is rep laced  here by a gene ra l  t w o - s i g m a  i n j e c t i o n  requirement  
s i n c e  i n j e c t i o n  i s  no longer performed s o l e l y  by t h e  launch 
v e h i c l e .  
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Allowing fo r  completion of i n j e c t i o n  by t h e  s p a c e c r a f t  
f o r  a c e r t a i n  s e t  of off-nominal launch s i t u a t i o n s  can e l i m i n a t e  
o r  a t  l e a s t  reduce t h e  minimum o f f l o a d i n g  requirement  t o  s a t i s f y  
t h e  2a i n j e c t i o n  c o n s t r a i n t ,  thereby  provid ing  a d d i t i o n a l  space- 
c ra f t  p r o p e l l a n t  f o r  cont ingencies  i n  t h e  e v e n t  of a nea r  nominal 
launch. I t  i s  shown i n  F i g u r e s  13-15 t h a t  t h i s  o p t i o n  can be used 
t o  meet 2a i n j e c t i o n  requirements  f o r  a growth-weight s p a c e c r a f t  
w i t h  f u l l  SPS tanks  i f  t h e  SPS c o r r e c t i o n  can be made s u f f i c i e n t l y  
soon a f t e r  SIVB c u t o f f .  I f  t h i s  i s  n o t  p o s s i b l e  then  t h e  method 
a t  l ea s t  reduces t h e  f r a c t i o n  of  r equ i r ed  p r o p e l l a n t  o f f loaded  t o  
s a t i s f y  t h e  i n j e c t i o n  c o n s t r a i n t .  From F igures  7-12 it is r e a d i l y  
seen  t h a t  t h i s  o p t i o n  i n c r e a s e s  t h e  p r o b a b i l i t y  of miss ion  suc- 
cess for  any p r o p e l l a n t  o f f load ing .  However, when t h i s  o p t i o n  
i s  a p p l i e d  t o  a fu l ly- tanked  s p a c e c r a f t ,  t h e  composite p r o b a b i l i t y  
i s  less than  t h a t  a t t a i n a b l e  by opt imal  o f f l o a d i n g  u n l e s s  t h e  
i n j e c t i o n  can be completed very soon ( <  2 HR) af ter  S I V B  c u t o f f .  

I t  i s  impor tan t  t o  n o t e  t h a t  bo th  methods can be used 
i n  combination. That  i s ,  p a r t i a l  o f f l o a d i n g  and p o s s i b l e  space- 
c r a f t  completion of i n j e c t i o n  could be employed t o  s a t i s f y  t h e  
i n j e c t i o n  c o n s t r a i n t  and i n c r e a s e  p r o b a b i l i t y  of mission success .  

E f f e c t  of Improved Launch Vehicle  Performance 

The prev ious  r e s u l t s  w e r e  gene ra t ed  us ing  a 2a base- 
l i n e  payload p r o b a b i l i t y  l e v e l .  
ments i n  launch vehicle performance, t h e  launch v e h i c l e  sigma 
levels  f o r  t h e  b a s e l i n e  i n j e c t e d  weights  cons idered  here would 
i n c r e a s e .  The e f f e c t  of an  i n c r e a s e  i n  b a s e l i n e  launch v e h i c l e  
sigma l e v e l  i s  i l l u s t r a t e d  i n  F igu res  16-19 where  composite pro- 
b a b i l i t y  i s  p resen ted  as a func t ion  of f r a c t i o n a l  SPS p r o p e l l a n t  
o f f l o a d e d  above 3a requirements  f o r  s e v e r a l  va lues  of  b a s e l i n e  
launch v e h i c l e  sigma l e v e l .  The cases  i l l u s t r a t e d  are c o n t r o l  
and growth weight  s p a c e c r a f t  mi s s ions  t o  Descartes and Copernicus.  
I t  may be  seen  from t h e  f i g u r e s  t h a t  t h e  e f f e c t  of a h ighe r  base- 
l i n e  launch v e h i c l e  sigma l e v e l  i s  t o  i n c r e a s e  t h e  composite 
p r o b a b i l i t y  and dec rease  t h e  opt imal  o f f l o a d i n g  f r a c t i o n .  

I n  t h e  e v e n t  of p o s s i b l e  improve- 

Assumm3tion of Normalitv 

The a n a l y s i s  presented  h e r e i n  r e p r e s e n t s  a g e n e r a l  
method and c r i t e r i a  t h a t  c a n  be a p p l i e d  t o  t h e  de t e rmina t ion  of 
op t ima l  SPS propellant offloading ar?d the effectiveness cf czx- 
p l e t i n g  i n j e c t i o n  w i t h  t h e  spacecraft. The s p e c i f i c  r e s u l t s  i n  
F i g u r e s  1 - 4 ,  7-12 and 1 6 - 1 9  a r e  keyed t o  t h e  assumption t h a t  
t h a t  normal p r o b a b i l i t i e s  may be a t t a c h e d  t o  t h e  launch v e h i c l e  
and s p a c e c r a f t  d i s p e r s i o n s  budgets.  
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This  assumption i s  probably q u i t e  good f o r  t h e  launch 
v e h i c l e  FPR s i n c e  t h e  assumptions of s t a t i s t i c a l  independence of 
p e r t u r b i n g  v a r i a b l e s  and l i n e a r i t y  between f l i q h t  parametcr  v a r i -  
a b l e s  and p e r t u r b a t i o n  v a r i a b l e s "  a r e  employed i n  . the  determina-  
t i o n  of  t h e  FPR and a r e  shown t o  be f a i r l y  a c c u r a t e  f o r  most e r r o r  
s o u r c e s  (References 1 and 2 ) .  T h e  assumption v i o l a t e d  m o s t  f r e -  
q u e s t l y  i s  t h a t  of l i n e a r i t y  between t h e  p e r t u r b a t i o n s  and 
r e s u l t i n g  d i s p e r s i o n s .  When t h i s  occur s  p o s i t i v e  and nega t ive  
d i s p e r s i o n s  a r e  combined s e p a r a t e l y .  Although t h e  method i s  
n o t  completely a c c u r a t e  i n  d e f i n i n g  f l i g h t  parameter  d i s p e r s i o n s ,  
it i s  j u s t i f i e d  by i t s  e a s e  of implementat ion and t h e  f a c t  t h a t  
t h e  accuracy of t h e  method may w e l l  be g r e a t e r  than  t h e  accuracy 
t o  which t h e  p e r t u r b a t i o n s  a r e  known. 

The s p a c e c r a f t  d i s p e r s i o n  budget  r e p r e s e n t s  a s ta t i s -  
t i ca l  sum of p r o p e l l a n t  d i s p e r s i o n s  f o r  a l l  SPS s p a c e c r a f t  
maneuvers. The major c o n t r i b u t i o n s  arise from t h e  f i r s t  t r a n s -  
l u n a r  midcourse c o r r e c t i b n ,  L O I ,  and T E I .  To tes t  t h e  assump- 
t i o n  of  a t t a c h i n g  normal p r o b a b i l i t i e s  t o  t h e  s p a c e c r a f t  d i s p e r -  
s i o n  budget,Monte Car lo  samples  of  SPS p r o p e l l a n t  expended f o r  
t h e  above three maneuvers were o b t a i n e d  from MSC fo r  a represen-  
t a t i v e  miss ion .  ** The frequency d i s t r i b u t i o n s  f o r  t h e  maneuvers 
w e r e  added s t a t i s t i c a l l y  assuming s t a t i s t i c a l  independence between 
samples t o  o b t a i n  a frequency d i s t r i b u t i o n  f o r  t h e  s p a c e c r a f t  
d i s p e r s i o n  budget .  The cumulat ive p r o b a b i l i t y  f o r  t h i s  d i s t r i -  
b u t i o n  i s  p resen ted  i n  Figure 20 a long  w i t h  t h e  cumulat ive pro- 
b a b i l i t y  f o r  an e q u i v a l e n t  normal d i s t r i b u t i o n  having t h e  same 
mean and v a r i a n c e .  I t  may be s e e n  from Figure  20 t h a t  the  two 
p r o b a b i l i t y  curves  a r e  i n  good agreement.  T h i s  s u g g e s t s  t h a t  
t h e  assumption of normal p r o b a b i l i t i e s  f o r  t h e  s p a c e c r a f t  d i s -  
p e r s i o n  budget i s  a reasonable  one. 

CONCLUSIONS 

Off loading  SPS p r o p e l l a n t  r e s e r v e s  is a f e a s i b l e  method 
f o r  s a t i s f y i n g  two-sigma i n j e c t i o n  requirements  and i n c r e a s i n g  
t h e  p r o b a b i l i t y  of miss ion  success .  By assuming normal proba- 
b i l i t i e s  f o r  t h e  launch v e h i c l e  and s p a c e c r a f t  p r o p e l l a n t  d i s -  
p e r s i o n  budgets  it i s  shown t h a t  f o r  a g iven  m i s s i o n  and launch 

*When t h e s e  c o n d i t i o n s  a r e  m e t  and t h e  p e r t u r b i n g  
vari&les are  f i ~ r m a l l y  d i s t r i b u t e d ,  t h e  f l i g h t  parameter  d i s -  
p e r s i o n s ,  e .g .  SIVB p r o p e l l a n t ,  are a l s o  normally d i s t r i b u t e d .  

**Apollo 1 3  d a t a .  
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v e h i c l e  t h e r e  e x i s t s  an  opt imal  va lue  f o r  SPS p r o p e l l a n t  o f f loaded  
which maximizes p r o b a b i l i t y  of mission success .  The r e s u l t s  f o r  
sample miss ions  t o  Marius H i l l s ,  Descartes, Copernicus,  and Hadley 
i n d i c a t e  t h a t  f o r  c u r r e n t  2a launch v e h i c l e  b a s e l i n e  commitments 
and a control-weight  s p a c e c r a f t ,  approximately 3/4 of  t h e  maxi- 
mum p o s s i b l e  SPS p r o p e l l a n t  o f f l o a d  above t h e  s p a c e c r a f t  3a re- 
quirements  should  be of f loaded  t o  gua ran tee  maximum p r o b a b i l i t y  
of miss ion  success .  For a heav ie r  s p a c e c r a f t  t h i s  r a t i o  i n c r e a s e s  
and may equa l  u n i t y  i n  some cases t h u s  r e q u i r i n g  maximum propel -  
l a n t  o f f l o a d i n g .  

The o p t i o n  of performing t h e  i n j e c t i o n  by burn ing  t h e  
S I V B  t o  p r o p e l l a n t  d e p l e t i o n  and complet ing t h e  i n j e c t i o n  w i t h  
s p a c e c r a f t  p r o p e l l a n t  r e s e r v e s  may also be used t o  i n c r e a s e  t h e  
sigma l e v e l  f o r  a s u c c e s s f u l  T L I  and t h e  p r o b a b i l i t y  of miss ion  
success .  The e x t e n t  of t h i s  i n c r e a s e  i s  s t r o n g l y  dependent upon 
how soon a f t e r  SIVB c u t o f f  t h e  i n j e c t i o n  can be  completed by t h e  
s p a c e c r a f t .  For s u f f i c i e n t l y  e a r l y  t i m e s  t h i s  method can be used 
t o  s a t i s f y  i n j e c t i o n  requirements  f o r  c e r t a i n  growth weight  m i s -  
s i o n s  wi th  f u l l  SPS t anks .  F o r  l a t e r  t i m e s  t h i s  o p t i o n  can be 
used t o  reduce t h e  minimum requ i r ed  p r o p e l l a n t  o f f loaded  t o  sa t -  
i s f y  t h e  two-sigma i n j e c t i o n  c o n s t r a i n t .  

R.  J .  S t e r n  2013-RJS-slr  

Attachments 
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A . l  End of Mission P r o p e l l a n t  Reserve a s  a Function of 
Fue l  Off loaded.  

Given an  end-of-mission p r o p e l l a n t  margin w i t h  i n i t i a l l y  
fu l ly - loaded  SPS tanks  Feomf, t h e  end-of-mission p r o p e l l a n t  m a r -  

g i n  r e s u l t i n g  when a g iven  amount of p r o p e l l a n t ,  Fo, i s  o f f loaded  
i s  g iven  by, 

- Fo + rFo  - 
F e o m  - Feomf (A-1)  

where r i s  a c o n s t a n t  exchange r a t i o  of pounds of SPS p r o p e l l a n t  
used f o r  t h e  miss ion  p e r  pound of s p a c e c r a f t  weight .  The l as t  
t e r m  r e p r e s e n t s  t h e  r educ t ion  i n  p r o p e l l a n t  r e q u i r e d  because t h e  
s p a c e c r a f t  i s  l i g h t e r  by an amount Fo. The exchange r a t i o  r can 
be d e f i n e d  by no t ing  t h a t  Feom = 0 when Fo i s  a t  i t s  maximum 
va lue  Fom. Therefore  

Feomf 
Fom 

r = l -  

and s u b s t i t u t i n g  i n t o  equa t ion  (A-1)  w e  have 

- FO 
Feom - Feomf ( 1 - ) 

(A-2) 

(A-3) 

as p resen ted  i n  t h e  s e c t i o n  e n t i t l e d  S p a c e c r a f t  Dispers ion  Budget 
( equa t ion  7 ) .  
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A . 2  P r o p e l l a n t  Avai lab le  f o r  Completion of t h e  I n j e c t i o n  
Maneuver by t h e  S p a c e c r a f t  

The end of miss ion  p r o p e l l a n t  r e s e r v e ,  FLom e x i s t i n g  
a f t e r  a corrective maneuver by t h e  s p a c e c r a f t  i s  g iven  by 

where  Feom, r are de f ined  above and FSpSI = t h e  SPS p r o p e l l a n t  
used t o  complete t h e  t r a n s l u n a r  i n j e c t i o n .  T h e  m a x i m u m  v a l u e  of 
a v a i l a b l e  p r o p e l l a n t  (above 3a requi rements )  i s  ob ta ined  by 
s e t t i n g  Fiom = 0.  

S u b s t i t u t i n g  f o r  1: w e  o b t a i n ,  

FSPSI (MAX) = 1 FI:rf Feom (A-6) 

For c u r r e n t  mi s s ion  weights  t h e  r a t i o  i n  p a r e n t h e s i s  i s  approxi-  
mate ly  t w o  and t h e  a v a i l a b l e  SPS p r o p e l l a n t  for  complet ing t h e  
i n j e c t i o n  maneuver is  t h e r e f o r e  approximately t w i c e  t h e  end of 
mis s ion  p r o p e l l a n t  reserve. 



APPENDIX B 

E s t i m a t e  of Spacecraft P r o p e l l a n t  
Required t o  Complete T L I  

Consider an off-nominal launch s i t u a t i o n  where a com- 
p l e t e  i n j e c t i o n  would r e q u i r e  more SIvB p r o p e l l a n t  t han  is a v a i l -  
a b l e .  This  p r o p e l l a n t  d e f i c i t  i s  r e a d i l y  converted t o  a charac-  
t e r i s t i c  v e l o c i t y  d e f i c i t  by means of t h e  exchange r a t i o  of  
10.3 l b s  S I V B  p r o p e l l a n t  pe r  f t /sec.  T h e  effect  of incomplete  
i n j e c t i o n  by t h e  SIVB w a s  s imula ted  by s u b t r a c t i n g  a AV d e f i c i t  
from t h e  nominal v e l o c i t y  a t  TLI  whi le  ma in ta in ing  t h e  nominal 
i n j e c t i o n  p o s i t i o n ,  and v e l o c i t y  d i r e c t i o n .  This  impulsive 
approximation i s  r easonab le  s i n c e  an SIVB p r o p e l l a n t  reserve of 
one thousand l b s  i s  expended i n  approximately t w o  seconds.  

The r e s u l t i n g  t r a j e c t o r y  w a s  t h e n  propagated c o n i c a l l y  
f o r  s p e c i f i e d  t i m e  i n t e r v a l s  up t o  t e n  hours  a f t e r  SIVB c u t o f f  
and t h e  p o s i t i o n  and v e l o c i t y  of t h e  s p a c e c r a f t  w a s  determined. 
For each p o s i t i o n  t h e  r equ i r ed  v e l o c i t y  t o  r e t a r g e t  t h e  nominal 
miss ion  was found based on achiev ing  t h e  nominal t i m e  of l u n a r  
l and ing  and number of r e v o l u t i o n s  i n  l u n a r  o r b i t ,  p o s t  L O I ,  and 
minimizing LO1 AV. The r equ i r ed  v e l o c i t y  and c u r r e n t  s p a c e c r a f t  
Ve loc i ty  w e r e  t hen  d i f f e r e n c e d  t o  o b t a i n  t h e  AV t o  complete i n j e c -  
t i o n  f r o m  which t h e  r equ i r ed  SPS p r o p e l l a n t  w a s  c a l c u l a t e d .  

The r e s u l t s  of t h i s  c o n i c  s i m u l a t i o n  are found i n  
Table  I V  where several  exchange ra t ios  r e l a t i n g  r e q u i r e d  SPS 
p r o p e l l a n t  t o  S I V B  d e f i c i t s  a r e  p re sen ted .  The exchange r a t i o  
l b s  SPS p r o p e l l a n t  p e r  AuSIm,  where AuSIVB = t h e  i n c r e a s e  i n  
e q u i v a l e n t  SIVB u p r o p e l l a n t  level t h a t  would be r e q u i r e d  t o  
complete t h e  i n j e c t i o n ,  i s  of importance s i n c e  it determines t h e  
i n c r e a s e  i n  t h e  sigma l e v e l  f o r  a s u c c e s s f u l  i n j e c t i o n .  The maxi- 

i s  a t t a i n e d  when a l l  t h e  a v a i l a b l e  space- m u m  i n c r e a s e  i n  Au 

c r a f t  p r o p e l l a n t  (above 30 requirements)  FSpSI i s  employed. 
T h e r e f  ore 

SIVB 

“SIVB (MAX) - FsPsI(MAX) / l b s  SPS p r o p e l l a n t  p e r  AuSIVB (B-1 )  - 



B- 2 

Thus by allowing injection completion by the spacecraft the 
maximum sigma level for a successful injection is increased by 
Aa and is given by SIVB (MAX) 

a I = ‘L/V i- “SIVB(MAX) 
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CSM Weight less payload 
CSM payload 
CSM Weight 

TABLE I1 

WEIGHT MODELS 

Cont ro l  Weight 
S p a c e c r a f t  

25,000 
750 

25,750 

LM Weight less payload 35 , 150 
LM payload 850 
LM Weight 36,000 

SPS u s a b l e  p r o p e l l a n t  
SPS unusable  p r o p e l l a n t  
Tanked SPS p r o p e l l a n t  

CSM Weight 
+ LM weight  
+ SPS p r o p e l l a n t  
+ SLA 

I n j e c t e d  weight  wi th  
f u l l  SPS t anks  = 106,500 

* From March, 1 9 7 0  ASSB Meeting 

Growth Weight * 
S p a c e c r a f t  

26,450 

35 , 331 
1,000 

36 , 331 
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